Enzyme replacement therapy (ERT) can produce anti-drug antibody (ADA) responses that reduce efficacy or lead to hypersensitivity reactions. Six patients with severe mucopolysaccharidosis type I (MPS I/Hurler syndrome) who did not receive hematopoietic stem cell transplantation underwent an immunosuppression regimen prior to initiating ERT with laronidase. The primary endpoint for immune tolerance induction was the number of patients with an ADA titer ≤ 3200 after 24 weeks of laronidase at the labeled dose. Cyclosporine levels were measured weekly and doses adjusted to maintain trough levels above 400 mg/mL. A 6-week (Cohort 1) or 12-week (Cohort 2) immune tolerance induction period with cyclosporine (initial dose: 15 or 20 mg/kg/day), azathioprine (initial dose: 2.5 or 5 mg/kg/day) and low-dose laronidase infusions (0.058-0.29 mg/kg/week) was followed by an immune-challenge period with laronidase infusions at the labeled dose (0.58 mg/kg/week) for 24 weeks. Anti-laronidase IgG titers were determined following treatment. There were 147 treatment-emergent adverse events reported, most of which were mild and not related to the study treatment. While there was no evidence of immune tolerance in 3 of 3 patients in Cohort 1, there were some indications of immune tolerance induction in 2 of 3 patients in Cohort 2. Patients with lower ADA titers showed greater reductions in urinary glycosaminoglycan excretion. Routine monitoring of plasma cyclosporine parent-compound levels by high pressure liquid chromatography proved difficult for clinical practice. The evolving clinical management of MPS I and a better understanding of the clinical impact of laronidase-related immunogenicity require reassessment of immune modulation strategies in patients with MPS I receiving laronidase treatment. Clinical Trial Registration: NCT00741338.
Introduction
Mucopolysaccharidosis type I (MPS I) is an inherited metabolic disease caused by deficiency of the lysosomal enzyme α-L-iduronidase, which removes iduronic acid from the non-reducing ends of dermatan sulfate and heparan sulfate during the step-wise catabolism of glycosaminoglycans (GAGs). Accumulation of non-metabolized GAG fragments leads to a cascade of secondary pathophysiologic events that results in multisystem clinical manifestations, including coarse facies, corneal clouding, short stature, valvular heart disease, joint contractures, hepatosplenomegaly, airway obstruction, restrictive lung disease, skeletal disease, and cognitive impairment [7] . The disease occurs along a continuum of severity and is represented by three main clinical phenotypes: Hurler syndrome (severe MPS I with somatic involvement before 6 months of age, progressive cognitive impairment, and death during the first decade, if untreated), Hurler-Scheie syndrome (attenuated, intermediate MPS I with somatic involvement beginning in early childhood that can be severe and lead to early mortality), and Scheie syndrome (attenuated, least severe MPS I, with somatic involvement presenting in late childhood or adolescence, and normal life expectancy) [5] .
Treatments for MPS I that address the underlying enzyme deficiency include hematopoietic stem cell transplantation (HSCT) and enzyme replacement therapy (ERT) with recombinant human α-L-iduronidase (laronidase/Aldurazyme®, EC 3.2.1.76). HSCT can prevent GAG accumulation in the CNS and is considered the treatment of choice for patients with severe MPS I who are b2 years and have normal developmental quotients [23] . Laronidase does not cross the blood-brain barrier and is used to treat the non-neurological manifestations of MPS I [8, 15] . Laronidase is also used in the peri-transplant period as an adjunctive Molecular Genetics and Metabolism Reports 10 (2017) [61] [62] [63] [64] [65] [66] therapy to improve the clinical status of patients prior to HSCT and to provide a source of enzyme until bone marrow engraftment [9, 12] . In a study of MPS I patients less than age 5, most of whom had Hurler syndrome, laronidase was found to have a similar safety profile and pharmacodynamic effect as in attenuated patients [27] . Emerging longterm follow up data suggest that severe MPS I patients treated exclusively with ERT from a young age have increased overall survival compared to untreated patients [13] .
Anti-drug antibodies (ADA) may develop in patient receiving ERT. N90% of patients with MPS I develop immunoglobulin G (IgG) antibodies within the first few months of starting laronidase treatment [28] , particularly patients with severe MPS I carrying 2 null mutations [27] , and higher antibody titers have been associated with less urinary GAG (uGAG) reduction. Long-term immune response studies in patients with attenuated MPS I [8, 16] demonstrated that ADA titers generally decline over time, with some patients becoming seronegative indicating the development of natural immune tolerance with long-term laronidase therapy. The current study was undertaken to determine the safety and effectiveness of a prophylactic immunosuppressive regimen using cyclosporine (CsA) and azathioprine (AzA) in treatmentnaïve patients with severe MPS I caused by 2 nonsense mutations, a sub-group of patients that consistently generated high antibody titers to laronidase treatment [27] . This immunosuppressive protocol was shown to successfully induce immune tolerance in a canine model of MPS I [17] . Since the completion of this study in 2008, significant changes in standard of care have occurred in patients with severe MPS I, with HSCT accepted as a first-line therapy for these patients [2, 6] , including patients in less developed countries. Consequently, the study was terminated early, and the results are discussed in the context of current treatment guidelines.
Methods

Patients, study design, and criteria for success
This open-label, Phase 2 trial enrolled patients ≤ 5 years of age with severe MPS I who had no prior exposure to laronidase and 2 nonsense mutations in the IDUA gene. Exclusion criteria included prior HSCT, recent vaccination, homozygous thiopurine S-methyltransferase deficiency, and a history of tuberculosis. A group of 12 patients with severe MPS I meeting the same inclusion criteria and with antibody titers N 12,500 after 26 weeks of laronidase treatment [protocol ALID-014-02 [27] ] served as a historical control.
A sequential group adaptive design ( Fig. 1 ) specified enrollment of up to 2 patient cohorts of 3 patients each, with expanded enrollment should the criterion for successful immune tolerance be met. Patients underwent a Tolerance Induction Period (TIP) of up to 19 weeks of low-dose laronidase, followed by a 24-week Immune Challenge Period (ICP) of full-dose laronidase treatment. Successful immune tolerance was established if ≥2 of 3 patients per cohort had antibody titers ≤ 3200 at the end of the ICP. This titer was selected since it was one dilution above the ≤1600 titer (assay variability is ± one dilution) that correlated with consistently robust uGAG clearance in patients from the Phase 2 clinical trial used as the historical control group [27] . Fig. 2 shows a schematic of study treatment for both cohorts. For both cohorts, the TIP began with oral CsA (Neoral®) dose titration in order to reach the target minimum plasma trough level. During the TIP for Cohort 1, CsA and oral Aza, (Imuran®) were administered at starting doses of 15 mg/kg/day and 2.5 mg/kg/day, respectively, and titrated weekly to achieve a target trough level of at least 350 ng/mL, and preferably 400 ng/mL for CsA. For Cohort 2, starting doses were increased to 20 mg/kg/day CsA and 5 mg/kg every other day Aza. The risk of these high doses to patients was considered acceptable given the short-term exposure. Sulfisoxazole/trimethoprim (Bactrim®) was administered during the TIP for infection prophylaxis at a dose of 5 mg/kg/day on 2 consecutive days per week. To reach and maintain the target CsA concentration, patients in Cohort 1 were titrated over 4 weeks to the full dose of CsA plus Aza and remained at the full dose for 2 weeks, followed by a half-dose for 2 weeks and a quarter-dose for 2 weeks. After the CsA trough level was reached and maintained for at least 1 week, patients began low-dose laronidase infusions at 0.058 mg/kg once per week while continuing CsA. Low-dose laronidase infusions were continued during a 5-week CsA/Aza washout period. Following the adaptive design, CsA dose titration was 2 weeks in Cohort 2, and the durations of the full-, half-and quarter-dose periods were doubled from 6 weeks total for these periods in Cohort 1 to 12 weeks. The TIP duration was 12 weeks for Cohort 1 and 18 weeks for Cohort 2.
Treatment periods
The ICP was 26 weeks, which included a 2-week ramp-up period of 2 laronidase doses (0.12 mg/kg and 0.25 mg/kg for one week each) followed by 24 weeks of full-dose laronidase (0.58 mg/kg). The planned dose and weekly regimen for laronidase in the ICP were identical to those that had been used for the historical control group [27] .
Laboratory measurements
Protocol-specified CsA levels were measured using a parent compound-specific HPLC assay in a central laboratory (ARUP Laboratories, USA). Serum samples for anti-laronidase IgG antibody (ADA) testing using ELISA [8] were obtained at baseline (i.e., TIP Week 0 for Cohorts 1 and 2) and prior to each laronidase infusion at biweekly visits throughout the period when laronidase was given. Urinary GAG levels were determined by a dye-binding assay [11] .
Safety monitoring
Since the combination of CsA and Aza used in this study had not previously been used in patients with MPS I, patients were closely monitored for any immunosuppressive-related adverse events, which included regular physical exams, lab evaluations (serum creatinine, blood urea nitrogen, and blood pressure for renal function; liver function tests; and platelet count and absolute neutrophil counts for bone marrow status) and regular evaluations for possible infections.
Results
Five male and 2 female patients were enrolled from 2 study sites in Brazil and Russia beginning in September 2008. Six patients received treatment in the TIP and ICP stages of the study, and 5 patients completed the study. Cohort 1 consisted of 3 patients, (patients 1-1, 1-2, and 1-3) with a mean (min, max) age of 2.6 years (1.8, 3.5), all of whom completed the study. Each patient in Cohort 1 was homozygous for the W402X mutation. Four patients were enrolled in Cohort 2 (patients 2-1, 2-2, 2-3, and 2-4) and 3 received treatment. Patient 2-2 was a screen failure due to a tuberculosis infection and never received treatment. All treated patients in Cohort 2 were homozygous for the Q70X mutation. The mean (min, max) age for patients in Cohort 2 was 3.77 years (3.0, 4.2). Among the treated patients, 2 completed the study and patient 2-3 discontinued early following an infusion-associated reaction (IAR, discussed under safety).
Immunosuppressant regimens
The total duration of immunosuppressants was 10, 10, and 9 weeks, respectively, for the 3 patients in Cohort 1. Only 1 patient in Cohort 1 (Patient 1-3) maintained the required minimal CsA trough level of 350 ng/mL. Two patients in Cohort 2 maintained the target CsA trough level.
Antibody titers
None of the patients enrolled in Cohort 1 met the success criterion for immune tolerance induction as all anti-laronidase IgG titers were N3200 following 24 weeks of full-dose laronidase (Fig. 3) . The IgG titer profiles of patients in this cohort were similar to those of the historical control group. ADAs were first detected after 10 weeks of low-dose laronidase infusions and ranged from 3200 at Week 10 to 102,400 at the end of treatment. Peak titers ranged from 25,600 to 204,800 and were reached following 20-34 weeks of laronidase treatment.
IgG titer profiles for the treated patients in Cohort 2 are shown in Fig.  3 . Patient 2-1 had an antibody titer of 3200 at the end of treatment and was the only patient in the trial to meet the success criterion for immune tolerance induction. Anti-laronidase IgG titers were first detected in this patient at TIP visit 12, reached a peak titer of 12,800 at visit 14, and then declined and stabilized below or at a titer of 3200 throughout the remainder of the study. Patient 2-3 was on track to meet the success criterion, but discontinued treatment at Week 17 in the ICP due to an IAR (as discussed under Safety). A follow-up Week 24 titer measurement was 1600, but because of early discontinuation from the study, this patient's results were considered non-evaluable. This patient did not meet the CsA minimum trough level of 350 ng/mL until 1 week after the start of laronidase dosing. Seroconversion occurred 1 week before the ICP started. The patient had a peak titer of 1600 at the ICP Week 11 visit and titers remained low during the remainder of the ICP. Patient 2-4 met the CsA target trough level but had an end-of-treatment titer of 25,600, and thus, did not meet the immunosuppression success criterion.
uGAG levels following laronidase treatment
The uGAG levels were reduced from screening/baseline to end of treatment by 43.8%, 61.7%, 6.7%, 84.2%, 62.5%, and 72.5% for Patients 1-1, 1-2, 1-3, 2-1, 2-3, and 2-4, respectively. The greatest uGAG reductions occurred in patients with the lowest ADA titers. None of the uGAG levels reached normal levels. For Patient 1-3, uGAG values varied 10-fold between screening and baseline measurements collected before the first dose of laronidase was administered. These variations likely resulted from the testing of a dilute urine sample that was not from the first Fig. 2 . Schematic of study treatments for both cohorts. morning void. For Patient 2-3, who discontinued early, the 62.5% reduction was from a uGAG sample collected approximately 1 month after the last laronidase dose. In contrast, the uGAG reduction recorded 1 week after this patient's last laronidase infusion was 74.3%, suggesting a rebound in uGAG following the interruption.
Safety
Overall, 147 adverse events were reported in 6 patients, and most were mild and not related to any study treatments. There were no deaths or anaphylactic reactions. Twenty-nine events in 4 patients were assessed as related to laronidase and included abdominal pain (8), nausea (1), vomiting (1), rash (2), urticaria (3), alopecia (1), erythema (1), prurigo (1), pruritus (2), papular rash (1), pyrexia (4), chills (2), anxiety (1), and cough (1) .
Four patients experienced 9 serious adverse events that were considered unrelated to laronidase. None of these events led to permanent treatment discontinuation, and all patients recovered without sequelae. Patient 1-2 experienced neutropenia (with an absolute neutrophil count of 490/mm 3 ) at Week 2, central line infection at Week 10, and sinusitis at Week 34. All occurred after initiation of immunosuppressive therapy, but prior to administration of laronidase. The neutropenia triggered a treatment-stopping rule, following which the patient recovered and resumed treatment. The investigator assessed that CsA and Aza treatments were probably related to the neutropenia and possibly related to the central line infection. Patient 1-3 experienced 2 events of bronchopneumonia and 1 event of bronchospasm crisis, and Patient 2-1 had two events of viral respiratory tract infection, in all cases after initiation of laronidase treatment. Patient 2-3 was diagnosed with right-sided pneumonia 7 days after receiving the first doses of immunosuppressants. Immunosuppressant administration was temporarily interrupted and the patient was treated and recovered within 11 days. The pneumonia was assessed as unrelated to any study treatment. At ICP Week 17, this patient had IARs of moderate pruritus and urticaria, which were assessed as non-serious and probably related to laronidase. The laronidase infusion was interrupted, the patient was treated with antihistamine, and the IARs resolved completely on the same day. A sample drawn 1 week prior to the IAR tested positive for complement activation and had an elevated serum tryptase level. Samples drawn 2 days before and 4 days after the IARs were positive for laronidase-specific IgE antibodies. An allergy consultation was obtained, and skin testing recommendation was declined by the family and investigator. Therapy with laronidase was not resumed, and the patient withdrew from the study.
Discussion
At the time the present study began, a risk/benefit shift was taking place with regard to the clinical management of patients with severe MPS I [23] . A large case series from the 1980′s and 1990's at the University of Minnesota had reported a 5-year alive and engrafted rate for matched related donors of 53% [26] , and a 2-year alive and engrafted rate for matched unrelated donors of only 18% [25] . Several technical improvements have since led to a decline in procedure-related morbidity and mortality of HSCT, such that in experienced transplant centers, the 5-year alive and engrafted rate for matched related and unrelated donors is now approximately 90% [1] . Consequently, HSCT has become more broadly used both throughout developed countries as well as in developing countries. The primary role of ERT in patients with severe MPS I has evolved into its use during the peri-transplant period to improve the clinical status of patients by reducing GAG storage prior to HSCT until engraftment [9, 12, 29] .
However, HSCT is not always the primary treatment option for patients with severe MPS I. In some countries, the logistical and clinical challenges associated with HSCT remain high and families may decide not to take the risk [10] . In addition, there are individuals with severe MPS I for whom HSCT is not a treatment option due to their age, compromised physical state, or the lack of a suitable donor. Thus, patients with severe MPS I may still receive only ERT, and understanding the assessment of immune responses in these patients remains relevant.
One patient in our study showed induction of immune tolerance, while another patient was on track to meet the success criterion, but discontinued laronidase treatment prematurely. Cohort 1 patients had reductions in uGAG similar to those of the historical control group, whereas greater reductions were observed in Cohort 2 patients. Statistical analysis of the uGAG results was not performed due to the small number of patients. The immunosuppressant regimen was generally well tolerated, with no correlation of antibody titers with adverse events. The decision to terminate the study was due to changing standards of care for this patient population, and the practical difficulty of routine monitoring of plasma CsA parent compound levels in the general clinical setting. Overall, the safety profile of laronidase was consistent with the known safety and tolerability profile in the historical control group [27] .
A meta-analysis of data from 73 patients with severe or attenuated MPS I who received treatment with laronidase in clinical trials [30] has provided further insight into the relationship between uGAG levels, antibody titers, and efficacy outcomes, and confirmed earlier findings that antibody titers diminish over time during laronidase ERT [8, 16] . A consistent, statistically significant inverse correlation between percent reduction in uGAG levels and both IgG antibody titer and exposure to antibodies that inhibit cellular enzyme uptake was demonstrated. However, there was no apparent relationship between IgG antibody titer and clinical outcomes (i.e., 6-minute walk test, pulmonary function as measured by percent predicted forced vital capacity, and liver volume) in attenuated patients. Patients with Hurler syndrome tended to seroconvert earlier than patients with attenuated MPS I, and ADA titers tended to be slightly higher on average, particularly in patients with 2 nonsense mutations. However, a clear relationship between ADA titers and clinical outcome or the potential for allergic reactions when classifying patients by clinical diagnosis of disease phenotype could not be confirmed. These results suggest that for patients treated with laronidase without immune tolerance induction, the risk/benefit profile over the duration of treatment is acceptable. A recent publication evaluating cross-sectional data from 2 prospective open-label studies showed that a persistent antibody response might be related to an impaired biomarker response, but as in the meta-analysis, there was no correlation with clinical outcomes [20] . On the other hand, data from sleep oximetry studies conducted in 61 patients with MPS I (44 with severe, and 17 with attenuated disease) showed a higher rate of sleep apnea/airway obstruction and need for intervention in patients receiving ERT who had a strong inhibitory antibody response, suggesting a potential benefit of immune tolerance [24] .
It is not known whether immunosuppressive therapy is warranted for all ERTs, as immune responses and consequences vary widely among LSDs. In patients with MPS IVA (Morquio A syndrome) receiving ERT with elosulfase alfa (Vimizim®), higher total ADA titers and/or neutralizing antibody positivity rates were not associated with a reduced treatment effect or with an increased incidence or severity of hypersensitivity events or anaphylaxis [14] . Drug-specific IgE positivity also was not associated with anaphylaxis or treatment withdrawal. Comparable immunogenicity profiles were maintained for patients undergoing long-term ERT. In contrast, some patients with glycogen storage disease type II (Pompe disease) treated with alglucosidase alfa (Myozyme® and Lumizyme®) develop high and sustained antibody titers that diminish ERT responses [4, 19] . This is typically observed in patients with classical infantile Pompe disease who have cross-reactive immunological material (CRIM)-negative status (i.e., no endogenous enzyme), which is recognized as a poor prognostic factor for ERT. Reducing the antibody response with a targeted immune tolerance regimen (i.e., rituximab/ methotrexate to eliminate alglucosidase alfa-sensitized B cells) improved ERT efficacy in a small group of ERT-naïve infants with Pome disease [21, 22] . Immunomodulation therapy has also been successful for patients who develop high ADA titers during ERT for Pompe disease using a regimen based on bortezomib in combination with rituximab, methotrexate, and intravenous immunoglobulin [3] . More recently, another strategy of prophylactic immune modulation has been reported in infantile Pompe disease using short term, low-dose methotrexate for immune tolerance induction [18] . Early data suggest that this regimen is simple, efficacious, and safe. The authors propose that a short course of this inexpensive and widely accessible regimen may have broader application to other enzyme replacement therapies. The need for active immune tolerization will require careful consideration of the disease severity and prognostic factors, the impact of ADA on ERT safety and efficacy, and the risk/benefit ratio of the immune tolerance regimen.
Conclusions
Novel strategies for immunosuppressive regimens that are safe in pediatric patients and that do not permanently impair the developing immune system and the response to vaccines has emerged as a clinical need for certain LSDs being treated with ERT. The use of immunosuppression regimens in patients with severe MPS I warrants consideration given the current treatment guidelines for HSCT and the use of peritransplant laronidase treatment in patients with severe MPS I. Our study was terminated early with inconclusive results due to changing standards of care for this patient population, and due to the practical difficulty of routine monitoring plasma CsA parent compound levels in the general clinical setting. Assessment of the need of immunosuppressive therapy in pediatric patients with LSDs must be carefully considered and an individualized risk-based approach is needed for each disease and each treatment. The evolving clinical management paradigm and better understanding of the impact of laronidase-related immunogenicity requires a reassessment of immune modulation strategies in patients with severe MPS I who receive treatment with laronidase.
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